A comparison between argon (Ar) and water vapor that were added to plasma copolymerization of trifluoromethanesulfonic acid (TFMS) with octafluorocyclobutane (OFCB) was studied by means of measurement of a deposition rate of the polymer, X-ray photoelectron spectroscopy, and emission spectrochemical analysis. All data obtained from the three measurements suggested that splitting of F atom from OFCB by Ar formed a bonding site, where C-C bond was formed and sulfonic acid functional group (-SO3H) derived from TFMS was taken up more efficiently. In respect of water vapor, a suppression effect on dissociation of F atom from TFMS and production of HF together with some active species containing 0, e.g., 03, were indicated. These species should contribute to suppression of rapid ablation by F radicals and preservation of -SO3H.
Introduction
Plasma polymerization of fluorinated organic compounds containing sulfonic acid functional group (-SO3H) has been attempted to prepare a cation-exchange membrane, because the resultant polymers may have a property of chemical and thermal stability [1, 2] . We have investigated on plasma copolymerization of trifluoromethanesulfonic acid (TFMS) with octafluorocyclobutane (OFCB) and obtained a polymer having a very high ion-exchange capacity by means of our new technique named "plasma multiphase polymerization" [3, 4] . Fig. 1 shows chemical structures of the monomers.
It was also found that additions of argon (Ar) and water vapor to the reaction system were effective in improving a deposition rate of the copolymer slightly and in suppressing decomposition of the -S03H derived from TFMS [3] [4] [5] . Water vapor preserved the -SO3H more effectively than Ar and introduced some hydrophilic functional groups such as R-O-R' or -OH into the resultant polymer [4] . This paper reports an investigation on the difference of contribution between Ar and water vapor to the reaction mechanism of plasma copolymerization of TFMS-OFCB.
Measurement of the deposition rate, X-ray photoelectron spectroscopy (XPS) and emission spectrochemical analysis were carried out and finally we have led a supposition about roles of the two additives from all the analytical data. (Tokyo).
Ar was a product of Osaka Sanso Kogyo Ltd. (Osaka).
Water was used after deionization.
Substrates for the plasma deposition were a glass plate, aluminum (Al) foil, and Celgard® 2500 (CG) which was a porous thin membrane made from polypropylene and polyethylene resins (pore dimensions: 0.05 X 0.19 ~ m2) and produced by Hoechst Celanese Corporation (US).
Apparatus
The plasma polymerization and emission spectrochemical analysis were carried out with a plasma reactor system as illustrated in Fig. 2 . The reactor, a Plasma Deposition System Model PD-10 (Samco International Inc.), and the equipment for the reaction including a radio frequency (RF) power generator of 13.56 MHz were all described previously [3] . The emission spectra were observed through a Pyrex® window with a spectrophotometer (Photon Counter, Unisoku Co., Ltd., Osaka) which had a condensing lens (focal length: 20 cm) and was controlled by a program (K-Spect Ver.891212, Unisoku Co., Ltd.) on a personal computer (PC-9801 RX, NEC Corporation, Tokyo). The deposition rate on glass and XPS spectra (wide scan, C1, sF1, sO1 s, S2p) of the polymer on Al and CG were obtained employing a Surface Profile Measuring System Dektak3ST (ULVAC Japan, Ltd., Kanagawa) and X-ray Pho toelectron Spectrometer ESCA-3200 (Shimadzu Corporation, Kyoto), respectively.
Each procedure of the polymerization and the measurements was identical to that described in our previous report [3] . The monomer gas flow rate was indicated by use of sccm (cm3/min under STP) as a unit.
Results and Discussion

Effect of Argon Addition
In the preparation of thin film of TFMS-OFCB copolymer as an ion-exchange membrane, OFCB plays a role of promoting to construct the polymer structure, while TFMS has a role of supplying ionexchange sites as -S03H. It was considered that the effects of Ar on TFMS-OFCB copolymerization were to suppress the release of F and fluorocarbon radicals from TFMS by diluting a concentration of TFMS which might cause a decrease in an electrical energy allocation to each gas molecule and some relaxation of these radicals by transfer of the energy to the Ar atoms [5] . The added Ar seemed to prevent TFMS from exhibiting strong ablation functions, thus resulting in improving the deposition rate of the polymer and preservation of the 0 atoms in the -SO3H. However, it was still possible that the Ar also exerted some influence on OFCB. Therefore, we further studied on what effect could appear on OFCB by Ar. Table 1 shows the deposition rates of OFCB plasma-polymer under various operative conditions. The XPS spectra were observed on each of the polymers and the ratios of atom numbers, F/C and O/C, were calculated from peak areas of the XPS spectra in respect of the specimens before and after Ar ion etching.
The data are tabulated in Table 2 . The following results were obtained from the two tables: (1) The pressure decreased during the discharge regardless of the addition of Ar, although the level of reduction was slightly (2) The deposition rate was increased with an increase in either the flow rate of OFCB or the RF power. The increase in the deposition rate was more dependent upon the RF power than the flow rate of OFCB.
(3) The deposition rate evaluated as an increase in film thickness was reduced a little by the Ar addition under the same flow rate and RF power. (4) Under the same RF power, the F/C value of the polymer surface, that is to say, the data obtained before the Ar ion etching were increased with increasing flow rate of OFCB when Ar was added, while the F/C value obtained from the polymer prepared without Ar was hardly changed by varying the flow rate. (5) Under the same flow rate and RF power, the addition of Ar decreased the F/C value and increased the 0/C value regarding both the surface and inside of the polymer matrix of which data was obtained after the Ar ion etching.
From these results, it was surmised that Ar split F out of OFCB and/or the polymer and made a bonding site. It follows, then, that construction of the polymer structure, production of a dense C network and enhanced introduction of 0 atom from air remaining in the reactor into the polymer matrix were brought about. The surmise could also demonstrate in regard to TFMS-OFCB copolymerization under coexistence of Ar. Namely, the splitting F out of OFCB made C chains grow well with the result that the Ar addition made easier introduction of the -S03H and improved the deposition rate evaluated by an increase in mass. This interpretation is well con-sistent with the experimental results reported in another paper [5] . Incidentally, the effects of added water vapor have already been described in the previous literature [4, 6, 7] .
Elemental Composition
On comparison with the Ar addition, the addition of water vapor to the plasma copolymerization system of TFMS-OFCB was effective in preserving the -S03H derived from TFMS, although the deposition rate of the polymer was only slightly improved even by water vapor [4] . Noticeable differences of effect on the resultant polymer between both additives were that the plasmacopolymer prepared with water vapor tended to have uniform elemental composition from the surface toward the inside and had high content of 0. We compared the elemental composition, the deposition rate and the emission spectra under five combinations of the two additives in order to Table 2 . Calculated from peak areas of XPS spectra (F1, C1, Ols). make the addition effects on the reaction mechanism clear. The polymerization was carried out at the minimum RF power to prepare each of the copolymer films. The elemental compositions obtained from the XPS spectra are shown in Figs. 3 and 4 . The values were slightly different from the last report [4] , because the plasma condition differed from that of the earlier report, i.e., the distance of the parallel electrodes and the position of the lower electrode which were adapted for the emission spectrochemical analysis mentioned later. The main reactant gas mixture, TFMS-OFCB, has relative ratios of atom numbers of 2.09-2.12, 0.26-0.36 and 0.09-0.12, as F/C, 0/C and SIC, respectively.
As shown in Fig. 3 (A), although the F atoms were lost to be 20-25% by the plasma discharge itself, the additives decreased F further more and even to be lower than the half On comparison between the additions of single gases, the reduction by water vapor was more significant than that by Ar. And water vapor reduced the difference between the surface and the matrix by ratio, while Ar increased it. When the two additives were mixed, the F/C value was more decreased than that obtained with sole water vapor and the difference between the surface and the matrix was more increased by ratio than that with sole Ar. Both of these changes did not give summation effects of the two additives and also did not depend on their flow rates.
The results gave the following conjectures. In the case of Ar, the dissociation of F atom was brought about by sputtering due to the Ar atom/ion bombardment and the polymerization proceeded using the bonding site resulting from the dissociation. On the other hand, a well-known abstraction reaction of H atom [8] from H2O was caused by the dissociated F atom in the case of water vapor, and then the chemical equilibrium was maintained by enhanced F dissociation in a gas phase and/or nearby the interface between gas and solid phases. The mixed additives could react through both the mechanisms, although the sputtering could proceed being independent from the equilibrium but rather influenced by an energy distribution among the coexisting materials.
The O/C values in Fig. 3 (B) were not quite different from the main gas before the discharge, except for the matrix of the polymer prepared with both additives supplied at a flow rate of 5.0 sccm each. The difference between the surface and the matrix was increased by the mixed additives, however the addition of sole Ar scarcely changed it and the addition of sole water vapor eliminated the difference.
These results seemed to be explained on the basis of the Competitive Ablation and Polymerization (CAP) mechanism [8, 9] and the "In-Out" rule [8] . When sole Ar was added, almost all 0 atoms were provided from TFMS. The sputtering by Ar could promote ablation and the ablation effect on 0 should be stronger than that on C. Under coexistence of water vapor, 0 atom could be taken into the polymer [6, 7] when the polymerization was superior to the ablation.
A little addition of Ar increased bonding sites and forwarded introduction of 0 atoms. However, an increase in a flow rate of Ar and an RF power promoted the ablation and a relative decrease in a distribution of electrical energy to 0 reduced the introduction of 0 into the polymer.
The S/C values in Fig. 4 were illustrated as distinguished form, i.e., an oxidized form (R-S02-R', -503 , RO-S02-OR', -SO4) and a reduced form (5, R-S-R', R-SH) interpreted by wave separation of S2p spectrum with the curve-fitting method using an automatic process combined with the previous procedure [10] .
The former appears in the binding energy range of 166.4-171.1 eV, and the latter appears in the range of 160.1-164.0 eV. The reduced form does not contribute to an ionexchange function.
In the cases of no additives and the addition of mixture of Ar and water vapor at a flow rate of 2.5 sccm each, the total S/C values both on the surface and in the matrix of the polymer were the highest in all combinations of the additives and the values of the two cases were similar together regarding the surface and the matrix, respectively. However, in respect of no additives, not a little S atoms of the reduced form were found. The balance of the SIC between the surface and the matrix were also similar among the other three cases. With regard to the addition of sole Ar, the total SIC values were higher than the other two combinations, but the ratios of the reduced form to that of the oxidized one were also higher than the others. When the mixture at a flow rate of 5.0 sccm each was used, both of the total SIC values and the ratios of the oxidized form were the lowest in every combination of the additives. The S atom of R-S02-R' group does not contribute to an ion-exchange function, even though it is classified into the oxidized form.
Therefore, a ratio of atom numbers of 0/S was calculated as represented in Fig. 5 .
Only the addition of sole water vapor gave the 0/S values equal to or larger than 3. The sole Ar addition brought about relatively higher values of O/S, but they did not reach 3. When both Ar and water vapor were added at a flow rate of 5.0 sccm each, the 0/S of the surface was over 3 and that of the matrix was nearly 3, although the polymer had the lowest S contents in all operative conditions. The additives mixed at a flow rate of 2.5 sccm each resulted in about 2.5 of 0/S and the same degree of 0 lack was induced by the polymeriza-tion without any additives.
The 0/S of the polymer matrix was higher than that of the surface in the cases of no additives and sole water vapor, but the relative relationship was reversed by adding Ar.
The results from Figs. 4 and 5 suggested the effects of the additives as below. The plasma dissociation gave priority to 0 over S, and when the TFMS mixed with OFCB lost S atom during the plasma discharge, 0 atom bound to the S atom were often lost together.
Sole Ar added to the reaction system further struck out not only F but also S and 0, therefore the SIC was reduced through the same way of the 0/C. At the same time, since -S03H was sometimes recombined with the bonding site yielded by the sputtering, the 0/S of the surface was rather higher than that of the matrix.
Under the addition of sole water vapor, the polymer took up 0 derived from H2O, while both S and 0 were lost from the polymer.
The abundant 0 atoms produced by the abstraction reaction of H also reacted to suppress dissociation of 0 from -S03H.
Mixing the additives caused competition among the above reactions in response to both the flow rates and the RF power.
Deposition Rate
We examined the effects of the additives on polymerization efficiency. The deposition rate of the copolymer was measured under the five operative conditions.
The results are shown in Fig. 6 . Sole water vapor alone improved the deposition rate not drastically but noticeably. This was explained as a result of the abstraction reaction of H from H2O due to the presence of F which has a strong ablation function.
The reaction reduced the ablation function by consumption of energy of F and recombination with H. However, the abstraction reaction yielded 0 from H2O at the same time.
Consequently, the deposition rate could not be improved significantly because oxidation of C frame of the polymer progressed and competed with construction of the molecular structure.
The above-mentioned sputtering effects of Ar could improve the formation of the molecular structure but hardly suppress the ablation function of F. Mixing of the additives induced competitive reactions depending on the flow rates and the RF power.
The results in Fig.  6 obtained under the five operative conditions were fairly consistent with these surmises.
Emission Spectrochemical
Analysis The emission spectrochemical analysis during the plasma reaction was carried out in order to support the above-mentioned consideration. The spectra were observed under all combinations of a gas composition, a flow rate and an RF power which were part of and the whole of the preceding five operative conditions and summed up to twenty-four sorts.
The measurement was performed at 5,15 and 3 5 minutes after the beginning of discharge and proceeded at 105 and 180 minutes especially with regard to the five main conditions used in the above experiments. But any time for the measurement scarcely influenced the spectra. The typical spectrum of TFMS-OFCB plasma discharge is illustrated in Fig. 7 . Precision of the wave length was corrected less than ±2.0 nm by using of emission line spectra of a mercury lamp at 253.7 nm and 546.1 nm. Characteristic emission peaks in all kinds of spectra were listed and assigned to corresponding peaks [11, 12] in Table 3 , although resolution of the spectrophotometer was not high enough to distinguish some peaks.
The peak at 310.4 or 311.6 nm which should be assigned to Ar+ and Ar2+ was independent and the strongest in the spectrum of sole Ar plasma. It was interesting that its intensity was significantly decreased or even made to disappear by coexistence of other materials. Being near to the peak, another one at 311.6 or 312.8 nm appeared in the spectra of the TFMS-OFCB mixture with no additives or only Ar. It could be assigned to SO2 or the other peaks tabulated in its column, though it did not appear when water vapor was added.
Since an electromagnetic wave at 310.4 or 311.6 nm has an energy of 385 or 384 kJmol"1, the energy is over not only the bond dissociation energy of F-CF2 (355±1 1 kjmol"1) but also that of 0-502 (384±1 kJmol"1). It was suggested that the characteristic excitation energy of Ar was absorbed by the reaction system of TFMS-OFCB [13] and consumed by the dissociation of 0 from 503. In the case of coexistence of water vapor, the energy seemed to be absorbed by other excitation system or yielding of the emission species seemed to be suppressed.
In the spectrum of sole water vapor plasma or the reaction system to which 5.0 sccm of water vapor was added, the peak at 315.2 or 316.4 nm was observed. Its assignment was surmised as shown in Table 3 . The peak intensity was certainly increased by coexisting of TFMS and/or OFCB. Therefore, the peak in the plasma of sole water vapor could be 03 and/or the others derived from dirt of organic compounds remaining on the reactor wall, and these molecules and atomic groups should also be produced by the reaction of water vapor with TFMS and/or OFCB. The generation of 03 was identified by a blue solid material collected in the liquid nitrogen cold trap. The solid might contain liquid 02 because its color was light blue like 02 while solid 03 is dark blue. It was conjectured that the rapid abstraction reaction of H from H2O by F released from TFMS produced abundant active species containing 0, e.g., 03, 0 and OH, and the species yielded carbon oxides. The production of carbon oxides was also suggested by other two peaks in Table 3 . The one is the peak at 400.4 or 401.6 nm, which was increased in intensity by coexisting of water vapor with TFMS and/or OFCB. Another is the peak at 449.6 or 450.8 or 452.0 nm, which appeared in the plasma containing OFCB and of which intensity was increased by adding water vapor. Both peaks were assigned to the emission of CO. Since the peak at 675.2 nm that appeared in the plasma containing water vapor and was increased in intensity by coexistence of TFMS and/or OFCB was assigned to C2+ and CHO which might be yielded as by-products of HF formation or CO production, it was not opposed to the above suggestion.
The peak at 420.8 or 422.0 nm appeared in the sole Ar plasma but was not observed in the plasma of sole water vapor. Its intensity was changed by what material coexisted.
That is to say, the coexistence of TFMS increased the intensity although that of OFCB decreased it regardless of the TFMS coexistence.
The assignment in the case of sole Ar was emission of neutral Ar, while that in the case of the mixture of Ar and TFMS seemed to contain emission of Ft When OFCB coexisted in those plasmas, the peak was assigned to neutral Ar and F+ but the yields of these emission would be suppressed.
It was supposed that Ar promoted dissociation of F from TFMS while OFCB absorbed some energy of Ar and reduced its excitation.
The influence on F dissociation from TFMS and OFCB was also identified from comparisons among other three peaks. The first was at a wave length of 603.2 nm, and appeared in the plasmas of TFMS, OFCB and their mixture.
The second was at 604.4 or 605.6 nm in the plasmas of Ar and TFMS-OFCB added Ar, and its half peak width was increased under coexisting of OFCB. The third was at 657.2 or 658.4 nm in the plasma containing TFMS. This was not observed in the absence of TFMS, probably because it disappeared or was buried in the spectrum. These three peaks were all assigned to neutral F, although the assignment of the second peak included neutral Ar. The results showed the generation of various F atoms having different derivation and energy. The first F was derived from both TFMS and OFCB, and yielded under the discharge containing no additives. The increase in the second F was derived from OFCB, and the yield was promoted by adding Ar. The third F was derived from TFMS, and the yield was suppressed by adding water vapor.
The peak at a wave length of 796.4 nm was characteristic in the plasma containing Ar. The addition of water vapor often reduced its intensity. The peak was determined as emission of neutral Ar. The reduction in spectrum characteristics of Ar by adding water vapor was shown through the whole experiment of emission spectrochemical analysis.
The characteristics of water vapor appeared more significantly at a flow rate of 5.0 sccm than 2.5 sccm as well as those of Ar. I. Photopolym. SCI. Technol., Vo1.14, No. 1 , 2001 All results obtained from the emission spectra indicated the following addition effects of Ar and water vapor.
The Ar added to the copolymerization system of TFMS-OFCB promoted dissociation of F atoms from both TFMS and OFCB. While the F radicals from TFMS caused ablation, the dissociation of F from OFCB formed bonding sites on C that made formation of a C-C chain and binding of the -SO3H derived from TFMS to a C frame easy.
Some energy of the excited Ar was distributed among the coexisting materials. It follows, therefore, that the polymerization proceeded with OFCB contribution, although these functions could cause decomposition of 503 into 502 and 0.
On the other hand, the addition of water vapor suppressed dissociation of F from TFMS.
The F radicals released from TFMS and OFCB abstracted H from H2O and produced HF. These two functions contributed to the suppression of rapid ablation by the F radicals. Such active species as 03 were yielded from the abstraction reaction of H, and their oxidation activity produced CO or CO2. The active species also influenced the functional groups containing S in the reaction system.
They contributed to preservation of S as the oxidized form, although they reduced some C atoms of which the structure of the polymer was made.
When Ar was also introduced as an additive, water vapor tended to suppress excitation of Ar. The above presumption agreed with the results from the XPS spectra and the deposition rate, namely, reduction of the F/C value, preservation of -SO3H, and low improvement in the deposition rate by adding water vapor.
Conclusion
The addition effects of Ar and water vapor on plasma copolymerization of TFMS with OFCB was investigated and summarized from the work as follows:
(1) The Ar functioned for promoting F atoms to be dissociated from both TFMS and OFCB with sputtering and distributing excitation energy of Ar to the coexisting materials.
(2) The water vapor worked for suppressing F atoms to be dissociated from TFMS and yielding HF. At the same time, active species such as 03 were yielded as a result of abstraction reaction of H atom from H2O by F atom from TFMS and OFCB.
In conclusion, it was found that the effects of Ar were to promote the polymerization and the introduction of -503H by forming a bonding site on C atom of OFCB, while the -S03H was apt to be split into SO2 and 0. On the other hand, the effects of water vapor were to improve the deposition rate of the polymer by preventing F radicals from causing rapid ablation and to preserve the -503H by the active species containing 0, although some C atoms usable for composing the molecular structure were lost as carbon oxides.
